A B S T R A C T When whole urinary bladders of the toad were incubated with adenosine 3',5'-monophosphate--H (cyclic AMP-3H) > 95%o of the radioactivity could be extracted from the tissue with trichloroacetic acid (TCA). The TCA-soluble radioactivity was separable by cation-exchange (Dowex-50) chromatography into residual cyclic AMP-3H, 5'-AMP-sH, adenosine diphosphate (ADP)-8H and inosine-8H. Thus, neither substantial tight binding of cyclic AMP to TCA-precipitable cell constituents nor any novel metabolite of cyclic AMP were found.
INTRODUCTION
The antidiuretic action of vasopressin is mediated within the target cell by adenosine 3',5'-Received for publication 26 January 1968 and in rev7ised form 29 July 1968. monophosphate (cyclic AMP) (1, 2) . Vasopressin acts by activation of adenyl cyclase, the enzyme which catalyzes formation of cyclic AMP from adenosine triphosphate (3, 4). The intracellular level of cyclic AMP is also regulated by the enzyme cyclic nucleotide phosphodiesterase, which catalyzes hydrolysis and inactivation of cyclic AMP to adenosine 5'-phosphate (5'-AMP) (5) . The latter reaction is inhibited by the methyl xanthines, caffeine, and theophylline.
Although many features of the over-all antidiuretic pathway (6) (7) (8) (9) and of the above enzymatic reactions (10) have been defined, there is no knowledge at present of the chemical steps by which cyclic AMP produces alterations in the resistance of the limiting membrane to flow of water along an osmotic gradient. Although Handler and Orloff demonstrated activation by vasopressin and cyclic AMP of phosphorylase in toad bladder and mammalian kidney (11) , they later concluded that the physiological significance of phosphorylase activation relative to antidiuresis is unclear (2) . A question which has not been resolved is whether cyclic AMP or a metabolite of cyclic AMP is the final effector of permeability changes in target cells and whether the active nucleotide acts directly at the locus of change in permeability or rather initiates a further set of reactions which in turn bring about the ultimate effects of vasopressin. To gain insight into this final phase in the antidiuretic pathway we studied the chemical fate of cyclic AMP in one target tissue, the urinary bladder of the toad, and also examined the effects of pH and theophylline on metabo-AMP in many other hormone-sensitive tissues (10, (12) (13) (14) (15) .
METHODS
For studies with the intact tissue urinary bladders from Bufo marinus 1 were mounted on glass tubing as sacs except that the bladders were everted so that the serosal surface formed the inside of the sac. The bags were filled with 3 ml of a standard serosal solution and were placed into a large reservoir which also contained the standard serosal solution of the same composition as previously described (9) except that glucose was omitted from the medium. Th solution used to fill the bags contained cyclic AMP-3H at a concentration of 1.6 X 10' mole/ liter (1.1-1.4 c/mmole). The external solution was oxygenated by bubbling vigorously with air. After the bags, in groups of four to six, had been exposed for 1 hr to the cyclic AMP-3H, the exposed area of tissue was excised, blotted lightly, and frozen in liquid nitrogen. Pairs of bladders were minced together and homogenized in a glass homogenizer with 4 ml of 5%o trichloroacetic acid (TCA). The precipitate was removed by centrifugation and washed twice with small volumes of 5% TCA. The TCA extract and washes were pooled. In studies WB-3 and WB-4 the TCA pools were applied directly to the cation-exchange columns, whereas in all subsequent studies the TCA pool was first extracted three times with an equal volume of diethyl ether. The pH of the unextracted TCA pool was approximately 0.7, while after ether extraction the pH of the pools ranged from 2.1 to 2.2. Nucleic acids were extracted from the TCA precipitates with 2 ml of 10% NaCl in a water bath at 90'C for 60 min. The original 10% NaCl extract and two subsequent washes were pooled and aliquots were taken for radioassay. The residual precipitate was digested with 1 ml of 1.0 N KOH, and an aliquot was taken for assay of radioactivity.
For studies of homogenates of the epithelial cell of the bladders the hemibladders were everted, incised, and spread on a flat surface. Epithelial cells were removed in sheets from the mucosal surface of the bladders by lightly scraping with an ordinary glass microscope slide. Epithelial cells from 10 to 12 hemibladders were scraped into the standard serosal solution, pooled, and collected by centrifugation. After centrifugation the pellet of epithelial cells was homogenized using the Polytron 2 device at the number 7 setting for about 1 The mixtures were incubated at room temperature for 1 hr after which 0.05 ml of 50% TCA was added. After removal of the precipitate by centrifugation a 10 gsl aliquot from each tube was spotted separately oR PEIcellulose5 thin-layer plates along with a mixture of nonradioactive neucleosides and nucleotides which included adenosine diphosphate (ADP), adenosine 5'-phosphate (5'-AMP), cyclic AMP, adenosine, and inosine.6 An aliquot of the TCA extract was also taken for assay of radioactivity and after further washing with TCA the precipitate was digested with 1.0 N NaOH. An aliquot was taken from the alkaline digest for assay of radioactivity and for the determination of protein by the Lowry method (16) .
The cation-exchange resin used throughout these stud- studies the DEAE-Sephadex was prepared by successive washes of 0.5 M NaOH, 0.5 M acetic acid, 0.5 M ammonium acetate, pH 8.9, and 0.01 M ammonium acetate, pH 8.0. Since a simpler method of preliminary washing was found to be equally satisfactory, in later studies the exchanger was prepared by washing with 0.5 M ammonium acetate (pH 8.9) followed by equilibration with the 0.01 M ammonium acetate (pH 8.0) buffer. The size of columns and the buffer systems used for elution are described in the result section under individual experimental groups. The uncharged Sephadex G-10 was prepared simply by exhaustive washing with distilled water until the optical density of the washing water at 260 m/A was negligible.
Cyclic AMP-8H used in these studies was purified before use by passage through a 0.9 X 16 cm Dowex-50 column. This procedure eliminated a small impurity (1-5%) which emerged before cyclic AMP from the column.
Thin-layer chromatography was performed according to the method of Randerath (17) Confirmation of the supposed identity of radioactive peaks was obtained by cochromatography of the radioactive unknowns with nonradioactive, pure reference standards. In the case of 5'-AMP and inosine additional support for the identity of the radioactive peaks was obtained by comparing the rate of transformation of both the radioactive peak and pure reference standards (in a mixture) to derivatives using enzymatic transformation or acid hydrolysis. Transformation of 5'-AMP to inosine 5'-phosphate (5'-IMP) was achieved using the highly specific 5'-adenylic acid deaminase prepared from rabbit muscle.8 Incubation with enzyme was carried out according to the method of Kalckar (18) followed by separation of substrate from product on the cation-exchange column system described above (AG-50-X8). Transformation of the radioactive peak suspected to be inosine along with either pure reference nonradioactive inosine or pure reference nonradioactive hypoxanthine was accomplished by incubating for 1 hr in a water bath at 95-990C, a 1:1 mixture of the nucleotide solution and concentrated HCl. After cooling and neutralizing the acid with NaOH we chromatographed aliquots on PEI-cellulose plates as described above.
Samples for radioactive assay were pipetted into a 2,5-diphenyloxazole-1,4-bis[2-(5-phenyloxazolyl) ]benzene 8 Sigma Chemical Co., St. Louis, Mo.
(PPO-POPOP) liquid scintillation solution the composition of which has been described (8) and assayed in a liquid scintillation counter.s Corrections for quenching were made using internal standards.
RESULTS
Metabolites of cyclic AMP-3H in whole bladders. In order to evaluate the possibility that breakdown of the cyclic AMP-3H might occur during homogenization and extraction of the tissue with TCA during column chromatography, two control studies were performed. In these studies sections of toad bladder frozen in liquid nitrogen, ice cold TCA, and an aliquot of cyclic AMP-8H were added to homogenizing tubes, and the mixture was homogenized at 00C. After centrifugation the TCA supernatant was chromatographed on a Dowex-50 column as described under Methods for studies in which the tissues were exposed to cyclic AMP-8H for 1 hr before homogenization.
In both control studies greater than 97% of the radioactivity was recovered in a single peak in the position of cyclic AMP. From 1 to 2.5%o of the radioactivity emerged early from the column (before cyclic AMP) after a buffer volume approximately equal to the volume of the ion-exchange bed had passed through the column.
The results of four studies on separation of radioactive compounds in the TCA extract of whole bladders which had been exposed for 60 min to cyclic AMP-3H are shown in Table I . Fig. 1 shows the results of study WB-3 in which the tissues contained the largest percentage of radioactivity as metabolites of cyclic AMP. Peak B is the 9 Packard Instrument Co., Inc., Downers Grove, Ill. NaCI, and finally 0.5%o was found in the KOH digest after the hot NaCl extraction procedure. Thus, only very small amounts of radioactivity if any were incorporated into nucleic acids and proteins.
Identification of aid-soluble metabolites of cyclic AMP-3H in whole bladders. Peaks A from studies WB-3 and WB-8 were lyophilized and further chromatographed on DEAE-Sephadex columns. After loading a 1 X 15 cm DEAE-Sephadex column with peak A of WB-3 in 0.01 M acetate (ammonium) buffer, pH 8, the column was developed by serial changes in buffers of increasing acidity and ionic strength. However, the radioactive material emerged (as a single peak) from the column in 5.0 M formic acid only after a combined buffer volume of 1385 ml. Although no cold standards were chromatographed with the radioactive material, the very strong retardation of this metabolite, well beyond the point of emergence of 5'-AMP, strongly suggested that the substance had a high negative charge. We therefore chromatographed peak A from study WB-8 along with nonradioactive ADP on a 0.9 x 40 cm DEAE-Sephadex column. To reduce any possibility of acid breakdown the column was developed using a continuous gradient from 0.10 M ammonium acetate (pH 6) to 1.0 M ammonium acetate (pH 4.4). The radioactivity and the cold ADP (measured by, absorption at 260 m~t) emerged as a single symmetrical peak after 1028 ml of buffer had passed through the column.
Identification of peak B was also obtained by comparison of the radioactive peaks with nonradioactive reference cyclic AMP on DEAESephadex columns (0.9 x 16 cm). Peaks B from studies WB-3 and WB-4 were chromatographed with cold standards in two separate studies and in both instances the radioactivity and the nonradioactive standards emerged together in the position characteristic for cyclic AMP. Peak B from study WB-3 was also compared to known cyclic AMP by thin-layer chromatography on PEI-cellulose plates. The radioactive material coincided with the pure nonradioactive cyclic AMP, which was clearly separated by the buffers used for development (0.7 M LiCl-10 MM Tris chloride, pH 8.4) from ADP, 5'-AMP, inosine, inosine diphosphate (IDP), and inosine triphosphate (ITP).10 5'-IMP in this system has the same mobility as cyclic AMP; however, as 5'-IMP is eluted considerably earlier from Dowex-50 than the radioactive material, this nucleotide was clearly eliminated as a possibility.
The elution position of peak C from Dowex-50
suggested that this peak was 5'-AMP. Cochromatography of peak C from study WB-4 with reference standard 5'-AMP on Dowex-50 confirmed this possibility as radioactive material, and reference 5'-AMP emerged as a single peak. More definitive support for the tentative identification of peak C as 5'-AMP was obtained in studies illustrated in Fig. 2 . In this study peak C from study WB-8 was mixed with a measured amount of pure reference 5'-AMP, and the mixture was incubated for 60 min with the highly specific 5'-adenylic acid deaminase. The substrate (5'-AMP) was separated from the product (5'-IMP) on a Dowex-50 column. Two peaks of both radioactivity and UV absorbing material were recovered in the characteristic positions of 5'-AMP and 5'-IMP. The percentage of the radioactivity which was recovered as metabolite in the 5'-IMP peak was 32.3%; the percentage of the pure reference 5'-AMP converted to 5'-IMP was 36.5%. Because of the high specificity of 5'-adenylic acid deaminase for 5'-AMP and the close correspondence of the fractional conversion of radioactivity and pure reference standard to 5'-IMP, this study provides strong proof of identification of peak C. Further chromatography of peak D was possible Fig. 1 No further studies were conducted with whole toad bladders for two' reasons. First, the percentage of metabolism as shown in Table I is extremely variable and unpredictable; second, the results of radioautographic studies 11 became available at this time showing that a large fraction of the tissue radioactivity was present outside of the epithelial cells in the large quantity of connective tissue, muscle, and blood vessels present in the intact bladder. The radioautographic studies also showed that the substantial fraction of tissue radioactivity, present in the whole bladder after incubation with cyclic AMP-8H for 60 min, which could not be eluted from the bladder with subsequent prolonged saline washing (9), was almost entirely localized in muscle bundles. Since this large quantity of radioactivity outside the epithelial cells was not related to the physiological effect of interest to us, i.e., changes in rate of movement of water across the bladder wall, we turned to studies of the epithelial cells per se.
Metabolism of cyclic AMP-3H by homogenates of epithelial cells. Since the primary goal of the present studies was to obtain information concerning the biochemical events which relate to regulation of permeability of the epithelial cells to water, in the next series we studied the metabolism of cyclic AMP-3H by homogenates of epithelial cells scraped from the mucosal surface of bladders. As outlined under Methods the epithelial cells were homogenized, and cyclic AMP-8H was incubated with the crude homogenate of the epithelial cells of the bladder. As shown in Fig. 3 the pattern of radioactivity in the TCA extract of the homogenate of the epithelial cells showed a strikingly different pattern from that noted with the whole bladder. In this study (and in an additional similar study) one minor and two major radioactive peaks were seen, which corresponded to the positions designated A, B, and D, respectively in the studies on the metabolism of cyclic AMP by the whole toad bladder. The amount of radioactivity in peak A was not sufficient for further studies to be conducted; however, it should be noted that the total quantity was no more than that encountered in the two control studies mentioned in the opening paragraph under Results.
The identity of peak B from study HEC-2 was tested in several ways. This peak eluted simultaneously with pure reference cyclic AMP from a second Dowex-50 column. An aliquot of the cyclic AMP-3H: epithelial cell homogenate mixture was taken after the 60 min incubation (before addition of TCA) and centrifuged at 4VC for 1 hr at 105,-000 g. The supernatant was applied to a 0.9 X 36 cm column of Sephadex G-10 and eluted with water at 4VC. Only a trivial amount of radioactivity appeared in the void volume of the column, followed by two distinct, large radioactive peaks (Fig. 4) . The first of the major radioactive peaks at 1.6 X the void volume was rechromatographed on a Dowex-50 column and coincided with reference cyclic AMP. Chromatography of the TCA extract of the homogenate on PEI-cellulose likewise showed that one of the two major radioactive peaks coincided with the position of cyclic AMP (Fig. 5) .
Further identification of peak D, the second major peak from study HEC-2, was obtained by sev- from the tissue. The second radioactive peak emerging from the Sephadex G-10 column (see Fig. 4 ), which corresponded to peak D in the TCA extract, was then lyophilized and further studied by paper electrophoresis. At both pH 3 (0.05 M sodium formate buffer) and pH 7.4 (0.05 M sodium phosphate buffer) the electrophoretic mobility of the radioactive material was trivial, the only movement being due to buffer drift. On electrophoresis at either pH 3 or pH 7.4 the radioactive material remained inseparable from radioactive inosine, which is one potential derivative of cyclic AMP which we could anticipate from the results shown in Figs. 3-5. The second peak from the Sephadex G-10 column (Fig. 4 was also compared with pure reference inosine by means of thin-layer chromatography on the PEIcellulose plates, and reference standard and radioactivity proved to have identical mobilities in this system. The final study in an attempt to prove the identity of the major metabolite in study HEC-2 to be inosine is shown in Fig. 6 . Hydrolysis of the radioactive metabolite and of pure reference inosine was complete with hot hydrochloric acid, and both the radioactivity and the pure reference standard were quantitatively converted to material that DISTANCE (cm) FIGURE 6 Thin-layer chromatography on PEI-cellulose of an 'H metabolite (and its product after acid hydrolysis) which had been separated from cyclic AMP-3H on Sephadex G-10 (Fig. 4) . In the control study (upper graph) a portion of the second radioactive peak (8H metabolite) obtained from the Sephadex G-10 column (Fig. 4) was mixed with nonradioactive reference inosine and chromatographed. In the middle graph is shown study in which a mixture of nonradioactive reference inosine, and a portion of the second radioactive peak from the Sephadex G-10 column was hydrolyzed for 60 min with hot HC1, neutralized, and then chromatographed. In the lower graph is shown the study in which a portion of the second radioactive peak from the Sephadex G-10 column was hydrolyzed for 60 min with hot HC1, neutralized, and, after addition of nonradioactive reference hypoxanthine, chromatographed. pendence and the effect of theophylline on metabolism of cyclic AMP by the homogenates of epithelial cells of the toad bladder we took advantage of the speed and simplicity of the method of thinlayer chromatography on PEI-cellulose. Control studies with pure reference standards showed that it was possible with this method to separate cyclic AMP cleanly from all the metabolites of cyclic AMP, namely inosine, 5'-AMP, and ADP, which we had detected by the more complex column chromatography on Dowex-50. When cyclic AMP-3H (mixed with nonradioactive cyclic AMP) in 5%o TCA was chromatographed in three studies on PEI-cellulose > 98% of the added radioactivity was recovered on elution of the cyclic AMP spot. In each of five paired studies ( in Fig. 7 there was marked stimulation of metabolism of cyclic AMP with alkalinization from pH 6 to 9 in the control homogenates, resembling the response of purified cyclic nucleotide phosphodiesterase extracted from other tissues (5, 19) . Theophylline had no effect at pH 6, a borderline effect at pH 6.7, but inhibited metabolism of cyclic AMP progressively up to pH 9. It is noteworthy that despite the presence of a concentration of theophylline (10 mmoles/liter) which inhibits by better than 95%o the action of purified phosphodiesterase, there was a residual rate of metabolism of cyclic AMP in the presence of theophylline at all pH values tested, which amounted to 30-35%o of the added cyclic AMP.
The concentration of protein in each sample pair was reasonably similar in experimental and control groups (see Table II ). The percentage of metabolism which was sensitive to the inhibitor theophylline was nevertheless expressed referable to the protein concentration in each individual experimental tube. As shown in Fig. 8 , there was a clear linear increase in fractional inhibition of cyclic AMP metabolism by theophylline from pH 6 to pH 7.3, but a saturation effect was reached at pH 7.9 with no further increment above the maximum value of approximately 50%o at pH 9. whole tissue could be extracted with TCA solution. The small amount of radioactivity which was found in the TCA precipitate did not differ in quantity from that recovered in control experiments. The radioactivity in the TCA extract could be separated by chromatography on the cationexchange resin Dowex-50 into cyclic AMP and three metabolites. Two of the three metabolites, which proved to be 5'-AMP and ADP on further analysis, are the primary and secondary metabolites resulting from the action of phosphodiesterase and adenylate kinase. The third metabolite present in the intact bladder could not be further identified nor could the effects of theophylline on metabolism because of the extremely variable rate of metabolism of cyclic AMP by the intact tissue. Similar extreme variations have also been noted in the effects of cyclic AMP on sodium and water transport across the toad bladder (1, 7) . In previous studies we noted that, after preloading intact bladders for 60 min with cyclic AMP-3H, 40%o of tissue radioactivity could not be eluted despite prolonged washing of the tissue in saline (9) . The present studies indicate that the trapped radioactive metabolite in these previous studies did not represent incorporation of some metabolite of cyclic AMP into nucleic acids or tight binding of cyclic AMP to cell membranes. Since 5'-AMP and ADP, which were shown in the present studies to be the principal metabolites of cyclic AMP in the intact bladder, are polyvalent anions at the pH of intracellular fluids, it is most likely that these nucleotides accounted for the trapped metabolite in the previous studies. Preliminary radioautographic studies, however, indicated that the trapped radioactivity in the intact tissue was present in muscle bundles and blood vessels '11 rather than in the cells of interest, i.e., the epithelial cells lining the mucosal surface of the bladders. We, therefore, turned to studies with the epithelial cell layers scraped from the mucosal surface of the bladder. Whether not only studies of degradation reactions but other types of experiments (e.g. effects of hormones on metabolism or activities of enzymes) may also be misleading in the intact tissue requires further study.
Using homogenates of the epithelial cells we were able to establish that the third metabolite found in the intact tissue was inosine. Thus, the only metabolites recovered and identified to date (ADP, 5'-AMP, and inosine) are known normal constituents of most nucleated cells and are present at much higher concentrations than endogenous cyclic AMP. It seems, very unlikely that any of these metabolites relate directly to the physiological action of cyclic AMP.
The conversion of cyclic AMP to inosine involves at least three separate chemical reactions, i.e., hydrolysis of two'phosphate ester bonds and deamination of the purine ring. Transformation of cyclic AMP to inosine could proceed by several pathways. The most likely sequence based on current information would be initial hydrolysis of the 3'-phosphate bond by cyclic nucleotide phosphodiesterase followed by removal of the phosphate and deamination. Since we used a crude homogenate of the epithelial cells it is highly likely that various phosphatases and either adenylic acid deaminase or adenosine deaminase were present in substantial quantities in the incubation mixture. When the homogenate of epithelial cells was used without added 5'-AMP, this nucleotide was not detected as a metabolite. However, later studies on metabolism of cyclic AMP-3H in the presence of 2 X 10-2 M added 5'-AMP yielded substantial quantities of 5'-AMP-3H. These results suggest that failure in the early studies to find the product of the phosphodiesterase reaction, 5'-AMP, was due to the combined effects of low concentrations of endogenous 5'-AMP and extremely rapid metabolism of 5'-AMP-3H.
We explored in detail the effects of both pH and theophylline on the metabolism of cyclic AMP by the crude homogenate of the epithelial cells of the toad bladder. The control studies shown in Fig. 7 demonstrated stimulation of metabolism of cyclic AMP by alkalinization over the range in pH 6-9.0, a pattern which resembles closely that found for partially purified phosphodiesterase preparations from several tissues. These findings provide support for our previous speculation that inhibition of the effect of cyclic AMP on water flow across the toad bladder by alkalinization from pH 7 to 8.4 was due to stimulation of phosphodiesterase (9) .
Previous studies with the methyl xanthines, theophylline, and caffeine by other investigators have been conducted at a single pH value. We, therefore, explored the effects of theophylline over a wide range of pH. It is of considerable interest that theophylline had no inhibitory effect on the metabolism of cyclic AMP at pH 6, and that inhibition by theophylline above pH 6 up to pH 9 was limited to the hydroxyl-stimulated component of metabolism. The theophylline-sensitive portion of metabolism (Fig. 8) exhibited a saturation pattern reaching a maximum of only 50%o of total metabolism. In contrast to the present studies with crude homogenates, Butcher and Sutherland found that at the same concentration of theophylline used in the present studies (10 mmoles/liter) the partially purified phosphodiesterase from beef heart was 95% inhibited (5) . In studies on a crude preparation from rat brain Cheung likewise found only 50% inhibition by caffeine (20 mmoles/liter) of metabolism of cyclic AMP (20) .
These data on the effect of theophylline raise the possibility that in addition to the phosphodiesterase reaction an additional pathway for metabolism of cyclic AMP may exist in tissues. One possibility is that cyclic AMP may interact initially with some cell membrane component via a phosphate bond with formation of an adenosinephosphate-membrane complex. If the next step were the hydrolysis of the phosphate ester bond between adenosine and phosphate the products would be free adenosine and phosphate labeling of the membrane. Deamination of adenosine then would yield the other major metabolite found in these studies with homogenates, i.e., inosine. The failure to find significant quantities of radioactivity bound to membranes or soluble protein does not negate such an alternative mechanism, since such a membrane-nucleotide complex might be extremely labile. As an alternative to tracing the fate of the phosphorus in cyclic AMP (32P-labeled cyclic AMP is not available at present) a detailed study of the time course of change of specific activities of metabolites of cyclic AMP-8H (in the presence of appropriate additions of "cold" nucleosides and nucleotides) would provide an indirect test of this postulate.
The nature of the metabolite formed at pH 9 in the presence of theophylline and the cellular components in the homogenate which lead to its formation are interesting questions which remain to be studied. Should the theophylline-resistent component of metabolism prove to be mediated by an enzyme other than cyclic nucleotide phosphodiesterase, it would be of great importance to locate such activity within subcellular components and to attempt to define its relationship to the biological action of cyclic AMP in this and the many other tissues in which it is now clearly known to be the mediator of the action of biologically important hormones.
